ABSTRACT: Because climate change does not occur uniformly throughout the globe, climate change is expected to impact each region differently. Undertaking the first national-level climate impact assessment in Korea, we evaluated the impacts of climate change on Korea's 139 drainage subbasins, that have varying climate and complex topography. Subsequently, we estimated the spatial and temporal variations of water resources in each sub-basin under a climate change simulation. This simulation was based on high-resolution data (27 × 27 km) that were created by the Korean Meteorological Research Institute using the climate models ECHO-G and NCAR/MM5. In order to generate the climate and runoff simulations for each sub-basin, we used the LARS-WG model, a stochastic weather generator, and the PRMS hydrologic model. The results indicated that the amount of runoff was expected to decrease in spring and summer and to increase in fall and winter. Runoff amounts were also expected to increase in northern regions and decrease in southern regions. In addition, relative changes in water balance components -precipitation, evapotranspiration, and runoff -are investigated. These variations in the timing and amount of runoff under climate change could have significant implications for the sustainable management of water resources in Korea.
INTRODUCTION
Changes in temperature and precipitation patterns resulting from changes in climate are expected to impact the spatial and temporal distribution of water resources (IPCC 2007) . Global assessments of freshwater resources show increasing water stresses under climate change and population growth scenarios in many parts of the world, including East Asia (Arnell 2004 , Milly et al. 2005 . Such impacts are expected to show larger variation regionally than globally. The spatial variation of precipitation due to climate change largely depends on climatic and geographical characteristics of the region (Drogue et al. 2004 ). Many countries have already estimated the variation of water resources using climate-change scenarios based on global climate model (GCM) simulations (Fowler 1999 , Bergström et al. 2001 , Graves & Chang 2007 . These studies have shown that climate-change impacts on water resources may differ by region, depending on regional geographic characteristics and climate conditions. For example, Pilling & Jones (1999) found higher rates of runoff in the wetter, northern part of Britain, than the drier, south-eastern region. They projected that winter runoff would increase the most in northern Britain, whilst summer runoff would experience major reductions over large parts of England and Wales by 2050 and 2065 as compared to the reference period (1961 to 1990) . Therefore, in northern regions, flood damage in winter is expected to rise due to increased precipitation and runoff. A study on China also found differences in the degree of changes and tendencies of precipitation and runoff among 82 sub-basins (Guo et al. 2002) .
South Korea faces future problems in securing sustainable water resources (PAI 1993) and is expected to suffer a water shortage of approximately 1.8 billion t around 2011 (MOCT 2001) . Thus, a reliable estimate of the variation and vulnerability of Korean water re-sources in the face of climate change is essential for future water resource planning. While several studies have assessed the climate-change impact on Korean water resources, they addressed the impact for a particular river basin (e.g. Ahn et al. 2001 , Kim et al. 2005 . As yet, there has been no assessment for the entire Korean peninsula. We seek to fill this gap by quantifying the potential changes in the timing and magnitude of precipitation and runoff for all sub-basins of South Korea.
South Korea (area: ~996 000 km 2 ; population: 47 250 000) has a monsoon climate and varying geographical characteristics, leading to a regionally diverse climate. Thus, to effectively assess the impacts of climate change, a high-resolution simulation is required to accurately reflect regional climate characteristics (IPCC 2007) . We analyzed the spatial and temporal variations in region-specific water resources of Korea using a high-resolution climate-change simulation. As the most comprehensive study to date into the impact of climate change on runoff in Korea, we used 139 subbasins of 5 major river basins for 90 yr during the 21st century. The climate-change simulation developed by the Korean Meteorological Research Institute (METRI) was based on the A2 greenhouse gas emission scenario of the IPCC SRES (Intergovernmental Panel on Climate Change Special Report on Emissions Scenario; IPCC 2007). Global simulations were dynamically downscaled to a 27 × 27 km grid resolution (METRI 2004) . To assess changes in runoff amount and timing, we used a physically based model, the Precipitation Runoff Modeling System (PRMS) developed by the United States Geological Survey (USGS) (Leavesley et al. 1983 ).
METHODOLOGY
The formulation of basin-scale high-resolution climate projections and the corresponding hydrologic analysis were required for an appropriate climatechange impact assessment on water resources. Fig. 1 illustrates the methodology adopted in this study, which made use of long-term precipitation and temperature simulations. These simulations were used as input to the impact-assessment model to generate hydrological projections for each basin. Finally, we used the results for each sub-basin to estimate the spatial and temporal water balance variations.
High-resolution simulations
Despite rapid advances in the development of GCMs, their outputs generally show some biases in the simulation of climate data. Temperature is generally well represented, but precipitation less so. At small scales, these biases are often so large that the direct application of the modeled precipitation to a macroscale hydrological model is not feasible (IPCC 2007) . It is particularly problematic to directly apply the output of the simulation from GCMs (Khan et al. 2006 ) to a region with varied climate characteristics resulting from strong orographic differences. In coarse scale GCMs, the territory of South Korea is expressed as ocean instead of land, and much uncertainty stems from the limitations of the physical parameterization of the model. Therefore, a transfer function is required to generate the climate information on a detailed timespace scale.
METRI adopted a dynamic downscaling technique to provide future regional climate information using the regional climate model (RCM) MM5 (Pennsylvania State University/National Center for Atmospheric Research mesoscale model) from the AtmosphereOcean General Circulation Model (AOGCM) ECHO-G (Max-Planck Institute for Meteorology Models and Data Group). ECHO-G is a coupled model composed of the atmospheric part (ECHAM4) and the oceanic part (HOPE-G). This model is used for climate simulation, based on the future greenhouse gas emission scenario of the IPCC SRES A2 (METRI 2004) . For a more detailed explanation of ECHO-G, see Legutke & Maire-Reimer (1999) . METRI used the output of ECHO-G, calculated at 350 km resolution, as the initial and boundary conditions of a RCM in order to produce a high-resolution climate change scenario at a horizontal resolution of 27 × 27 km. The transient simulations with MM5 span the whole period between 1960 and 2100. In order to take the complicated geography of the Korean peninsula into account, the topography and land use data appropriate to the horizontal resolution of the RCM were used. 
Weather generator
A weather generator can serve as a computationally inexpensive tool to produce a realistic climate simulation -in a statistical sense -based on observed data at a daily timescale, incorporating changes in the mean and in variations in this data (Semenov & Barrow 2002) . A typical weather generator is the LARS-WG stochastic weather generator that was developed to estimate the climate data for regions that either have not been surveyed or lack measurement. This weather generator also has been applied in several recent climate studies (e.g. Leander et al. 2005 , Khan et al. 2006 . It generates a suite of climate variables, including precipitation, maximum and minimum temperatures, and solar radiation. The simulation of precipitation occurrence is based on distributions of the amount of precipitation and the length of consecutive wet and dry days. Observed daily climate data are required to calculate the site-specific weather parameters to generate the synthetic data (Semenov & Barrow 2002) . In this study, the LARS-WG was calibrated using the observed weather data, and the performance of the weather generator was verified using the t-test and F-test. In order to obtain the parameters of the LARS-WG, the 56 weather stations are used (Fig. 2) .
Hydrologic model
In order to produce hydrologic information from the climate simulations, we selected PRMS, a physically-based deterministic hydrologic model. PRMS is a distributed-parameter hydrologic model that represents local watershed characteristics by partitioning a watershed into 'homogeneous' units known as hydrologic response units (HRUs). HRUs help preserve the heterogeneity of the physiographic properties of the drainage basin, and can be used for regional hydrological modeling in different climatic regions (Dagnachew et al. 2003) . PRMS was developed to simulate runoff under a wide range of hydrologic conditions, making it ideal for the geographically diverse basins of Korea (Jung & Bae 2005a) .
The PRMS is designed to analyze the effects of precipitation, temperature, and land use on river discharge and general basin hydrology. The model generates a water-energy balance for each component of the hydrologic cycle for each time step during the simulation. The input variables of the model are daily precipitation and minimum and maximum daily air temperatures. Many equations contained in the model formulation include coefficients that can be estimated directly from known or measurable basin characteristics . Only a few empirical parameter values can actually be estimated from the observed hydrologic data (Table 1) . These parameters are primarily associated with surface runoff, and subsurface and groundwater reservoir computations. For quantitative climate-change impacts on water resources, a reasonable estimation of evapotranspiration is also required. The Hamon method (Hamon 1961 ) is used to calculate evapotranspiration in the PRMS model. This methodology uses the number of daylight hours and daily temperature to calculate potential evapotranspiration. The PRMS model has been used in climate change assessments for many river basins (e.g. Hay et al. 2002 , Dagnachew et al. 2003 .
Regionalization method
Early attempts to model ungauged catchments simply used the hydrological model parameter values derived for neighboring catchments where discharge data were available, i.e. a geographical proximity approach (Wagener & Wheater 2006) . However, this method is insufficient, because even nearby catchments can be very different with respect to their hydrological behaviors (Beven 2000) . One of the most common approaches to model runoff for ungauged catchments is to relate model parameters and catchment characteristics in a statistical manner (e.g. Merz & Blöschl 2004) , assuming that the unique characteristics of each catchment can be captured. This methodology calibrates specific model parameters to as large a number of gauged catchments as possible and calculates relationships between model parameters and catchment characteristics. These statistical relationships and the measurable properties of the ungauged catchments can then be used to determine the estimates of model parameters in ungauged catchments. This procedure is usually referred to as regionalization or spatial generalization (e.g. Lamb & Calver 2002) . This method requires a large number of gauged catchments. However, this regionalization method cannot be directly applied in Korean river basins, because there are only a few basins that have flow-gauging stations with natural and highly reliable long-term discharge data.
The regionalization method used in the present study employs a multiple regression equation, describing the relationship between basin geographical data and observed discharge data. This method is based on the configuration of basin characteristics and river discharges at a drainage basin outlet. In other words, the river flows at a certain location of the basin are affected by basin characteristics such as basin area, basin slope, river length, soil type, percentage of forest cover, etc. (e.g. Koren et al. 2000 , Atkinson et al. 2002 . Once the correlation between observed river flows and basin characteristics is calculated for calibration basins, the model parameters of ungauged basins are regionalized from the relationship between the river flow and catchment characteristics for the calibration basins (Jung & Bae 2005b) . In this way, model parameters of ungauged basins are derived from gauged basins with similar flow characteristics (Table 1 ). In the present study, we first determined the physical characteristics of each sub-basin, such as the maximum available soil water-holding capacity (SM), average basin slope (SL), and area ratio of forest in a watershed (LU) from GIS data layers (obtained from the Water Management Information System, WAMIS: http://www.wamis.go.kr, [in Korean]). The estimated discharge (Q ) was then determined for ungauged catchments using Eq. (1) (Jung & Bae 2005b) .
After comparing the estimated discharge in ungauged catchments and observed discharge in the selected gauged watersheds (i.e. calibration catchments), we then selected the PRMS model parameters for the ungauged watersheds based on the closely related river discharge regimes. 
GENERATION OF BASIN-SCALE HYDROLOGICAL PROJECTION

Study area and data
Korea is made up of five large river basins (the Han River, the Nakdong River, the Gum River, the Sumjin River, and the Youngsan River) as shown in Fig. 2 . In order to determine the regional climate change impact on water resources, we divided the Han, the Nakdong, the Gum, the Sumjin and the Youngsan River basins into 47, 33, 27, 17 and 15 sub-basins, respectively, totalling 139 sub-basins. The areas of the sub-basins are in the range of 43 to 2293 km 2 , with a mean of 700 km 2 . We obtained GIS data sets for soil type, vegetation cover, land use data and orography (Digital Elevation Model, DEM) from WAMIS. In order to obtain river discharge, we compiled climate data and the inflow volumes at the selected study area (Table 2 ). For the calibration of the parameters of LARS-WG, we used the 56 weather stations that contain daily data for a period of > 28 yr. The data were provided by the Korea Meteorological Administration and the Korea Ministry of Construction and Transportation.
Estimation of hydrologic model parameters
Gauged catchments
In order to provide runoff values that reflect natural flows, the PRMS model was calibrated and verified on the basis of the historical daily river discharges observed at 9 gauges located upstream of dam sites. The first twelve variables in Table 1 were derived from GIS analysis for each basin by using DEM, land use, vegetation cover, and soil layer maps. The remaining nine parameters were estimated in the PRMS model using the Rosenbrock optimization method (Rosenbrock 1960) . The historical river discharge data collected for each sub-basin was divided into a calibration period and a verification period (Table 3) . Then, the parameters were estimated for the calibration period, and the suitability of the estimated parameters was verified for the verification period. Table 3 shows the summary statistics of the simulation periods. The statistical analyses used were as follows:
where O is observed flow and S is simulated flow; Root mean square error (RMSE) = 122222 Σ(O i -S i ) 2 ͞n 22222
(3) where n is a number of data;
The observed and simulated runoffs for the gauged catchments are in reasonably good agreement. For example, the maximum VE among the selected study basins is about 11% in Doam and Guesan dams. Although values determining the groundwater recharge efficiency (ssr2gw_exp, ssr2gw_rate, ssrcoeff_ lin, and soil2gw_max; see Table 1 Table 3 . Model calibration and verification period. r: correlation coefficient; RMSE: root mean square error; NSE: Nash-Sutcliffe efficiency coefficient; VE: percent error in volume sub-basin, the other variables did not show a noticeable difference (Table 4) .
Ungauged catchments
For the simulation of long-term runoff in the PRMS model, only 9 unknown parameters needed to be regionalized (see Table 1 ). The other parameters were directly estimated for each basin using GIS and other relevant data . The set of 9 parameter values determined from each gauged basin was then applied to other ungauged basins using the regionalization method described in Section 2.4. In other words, all basins were categorized into one of 6 groups of basins, and the 6 different sets of the 9 parameters were applied to 6 groups of basins without further modifications (Bae et al. in press) .
For evaluation of the regionalization method used in this study, we selected three ungauged sites -the Soyang, Chungju, and Daecheong dam sites (Fig. 2) as verification sites. After the estimated discharge for a particular ungauged catchment was obtained from Eq. (1), we compared the estimated discharge with the observed discharge of the calibration sites in Table 2 . The PRMS model parameters for the ungauged watershed were then selected, based on the closely related river discharges. Table 5 gives the model performance statistics computed from observed and simulated river flows on the three basins. The observed monthly flows are in reasonable agreement with the simulated ones (r > 0.81). It can thus be concluded that the hydrological simulations generated by the PRMS model parameters determined through the regionalization method are within acceptable bounds of accuracy for ungauged sub-basins.
Climate variables for each catchment
The simulated monthly and seasonal precipitation data derived from the LARS-WG show no significant difference (p > 0.05) between the observed and simulated data , suggesting that the LARS-WG is useful for climate change projection. In order to produce a climate change projection for each watershed, we calculated the changes in mean monthly temperature (°C) and precipitation (decimal) for 3 periods (2001 to 2030, 2031 to 2060, and 2061 to 2090) using the A2 scenario relative to the reference period (1971 to 2000) as shown in Fig. 3 . The Thiessen weighted method (Thiessen 1911 ) was used to calculate the amount of change at each sub-basin from the rate of change of the gridded MM5 simulation results. To produce precipitation change simulations, the LARS-WG parameters were modified, based on relative changes in both the duration of wet and dry periods and the monthly precipitation amount. Temperature change simulations were based on absolute changes in monthly temperature. Although the rate of change in the maximum and minimum temperature must be considered when generating climate change projections using the LARS-WG, we assumed that these changes would be identical to the changes in mean temperature. Therefore, only the mean temperature of the high-resolution climate simulation is used.
This assumption is based on the recent IPCC report that predicts very small changes in diurnal temperature range (IPCC 2007) . The LARS-WG, calibrated at the 56 weather stations, was applied to each sub-basin based on the shortest distance from the center of the catchment to the nearest weather station. For the reference period, the simulated annual mean precipitation derived from the MM5 and LARS-WG models was compared with the observed annual mean precipitation (Fig. 4) . The results showed the MM5 RCM underestimated the annual mean precipitation for subbasins located in the Han River, Gum River, and Sumjin River basins. This indicates that the regional impact assessment on water resources using RCM may have limitations in simulating climate at the catchment scale. As shown in Fig. 4 , the simulated precipitation values generated 218 by LARS-WG were closer to the observed precipitation than the MM5 simulations. This shows that the direct use of the RCM output significantly underestimates the amount and timing of annual runoff. It should be noted that using the weather generator and RCM together will decrease the uncertainty of regional impact assessment on water resources. period, the simulation projected annual mean runoff increases in the subbasins of the Han River, the east coast, the lower region of the Nakdong River, and the northern region of the Gum River. In the remaining sub-basins, annual mean runoff was projected to decrease. In 2031 to 2060, the annual mean runoff was projected to decrease in most of the basins except for downstream sub-basins of the Han River and portions of the east coast. Sub-basins in the central and upper Nakdong River, the Sumjin River, and the Youngsan River exhibit decreases in runoff between -16 and -23%. This is the combined result of a decrease in annual mean precipitation and an increase in evapotranspiration. Evapotranspiration substantially increases (+ 7 to + 20%) as the annual mean temperature rises by 2.7°C. In 2061 to 2090, despite the increase in annual mean precipitation, the annual mean runoff was projected to decrease by 14% in most basins except the central and lower catchments of the Han River, the east coast, and lower catchments of the Nakdong River basin. In general, runoff in Korea is expected to increase in northern regions and decrease in southern regions, with more variability in northern regions. These results indicate that the supply of water resources may be more vulnerable in sub-basins located in the southern region.
RESULTS
Changes in annual runoff
Changes in seasonal runoff
The discharge of sub-basins in Korea shows intense seasonality mainly due to the summer monsoon climate. A change in the magnitude and timing of seasonal runoff could exacerbate the difficulties that already exist in developing water resource management policies. In particular, a change in runoff during the spring and summer seasons is closely related to droughts and flooding in this region. Therefore, it is important to evaluate the seasonal variations of runoff and how these may be impacted by climate change. We analyzed the relative changes in seasonal mean runoff in the 5 large river basins. The seasonal periods include summer (June, July, and August) and winter (December, January, and February) together and spring (March, April and May) and autumn (September, October, and Novem- (Fig. 6) . The results show significant trends in increased runoff during autumn and winter and decreased runoff during spring and summer in most basins. In addition, the magnitude of seasonal runoff change increases in 2031 to 2060 and 2061 to 2090 as compared to 2001 to 2030. This increasing seasonal variability suggests that water resources management (in terms of water supply and/or flood protection) may be increasingly affected by climate change in the future. In most basins, the mean runoff in summer decreases in 2031 to 2060. The range of change in mean runoff in each season is highest in winter (-2.69 to +176.3%). In the seasonal analysis, as for the annual mean runoff, the range of the change rate differs according to basins. In the case of the Han River sub-basins, those on the east coast and in the lower reaches of the river show increases in the summer runoff, while the remaining basins show decreases. In the Nakdong River sub-basins the change in the summer season runoff during 2031 to 2060 shows the largest decrease (-44.1%). The basins in the northern part of Korea (e.g. the Han and Gum River basins) exhibit similar seasonal change tendencies. The basins in the sourthern part of the country (Nakdong River, Sumjin River and Youngsan River basins) also show similar seasonal change tendencies.
Water balance changes
The water balance of a drainage basin is largely made up of precipitation, evapotranspiration, runoff, and soil water storage. Climate change is expected to directly affect precipitation and evapotranspiration, which could cause alterations in runoff and groundwater storage. Therefore, it is important to analyze the changes in the water balance in order to understand how runoff would be affected. In the present study, we evaluated changes in precipitation and evapotranspiration in each basin and analyzed their effect on runoff.
As shown in Fig. 7 , the change in annual mean precipitation for each period was: -5 to +10% ( For each of the 5 major river basins, the amount of change for each water balance component, including annual mean precipitation, runoff, AET, and soil water storage, was compared for each period (Fig. 8) . The annual mean evapotranspiration continually increased, while precipitation showed increases and decreases in consecutive periods in all basins. In the Nakdong, Sumjin and Youngsan River basins, despite the increase of precipitation in the 2061 to 2090 period, there was a projected decrease in runoff because of the increase in evapotranspiration as compared to the reference period. Thus, although precipitation may eventually increase due to climate change, water resources in some regions may not be abundant. 
DISCUSSION AND CONCLUSIONS
Climate change is expected to increase uncertainty in the development of future water resources planning and management worldwide (IPCC 2007) . In Korea, which has large regional differences and specific seasonality in river discharge, climate change may seriously affect regional water resources. Thus, it is necessary to estimate the impact of climate change on water resources at a regional scale to determine effective adaptation measures. The greatest advantage of using RCMs in hydrological studies is that the high-resolution data (spatial and temporal) can be obtained from these physically based models (Ekström et al. 2005) . However, as shown in Fig. 4 , there are limitations to applying RCM results directly to water-resource impact assessments at the catchment scale. Thus, we applied LARS-WG to overcome the limitations of the RCM. From our results, it can be seen that the climate data produced by LARS-WG better reflects regionspecific climate characteristics. To estimate the PRMS model parameters for ungauged catchments, the regionalization method was applied. Results show that the estimated model parameters are relatively reliable even for ungauged catchments (Table 5) .
A number of studies have assessed the regional climate change impact on water resources (e.g. Bueh et al. 2003 , Graves & Chang 2007 . These studies have shown increasing spatial and temporal variabilities of water resources under changing climate conditions. The results of our analysis are in agreement with these studies. In 2061 to 2090, annual mean precipitation is projected to increase in all of the Korean basins, but the annual mean runoff shows a decrease in many basins (in the upper and the middle Nakdong River and in the Gum, Sumjin, and Youngsan River basins) as compared to the reference period. This is a result of increases in evapotranspiration, as temperature is expected to increase by more than 4.0°C on average (Fig. 7) (an increase in evapotranspiration decreases moisture in the soil, causing a reduction of river flow, and increasing concentration of pollutants).
Climate change may result in more extreme events in Korea, including floods and droughts. In particular, spring seasons -which are expected to show a decrease in precipitation -have already shown increased agricultural and ecological damage from spring droughts (Kwon et al. 2006 ). In summer seasons, which already have frequent floods in Korea, mean seasonal runoff is projected to decrease. However, this does not necessarily represent a decrease in flood occurrences. Because most flooding depends not only on the quantity of precipitation but also on the frequency and intensity of precipitation, it would be difficult to project flood damage solely based on the amount of summer precipitation. Indeed, there is empirical evidence of a significant increase in the frequency of heavy summer precipitation events in the central part of Korea between 1973 . To evaluate the occurrence of extreme floods, it is necessary to include some kind of frequency analysis in the study (Leander et al. 2005) . Investigating changes in the occurrence of extreme events under various climate change scenarios will be a subject of our continuing research. The increasing spatial variability of runoff also suggests the need to adopt different regional water resource management strategies. Basins located in the northern part of Korea are projected to experience increases in annual mean runoff, while basins in the southern region are expected to have decreases (Fig. 5) . The southern region is largely cultivated for growing rice, so the decrease in the annual mean output quantity would have a negative effect on agricultural productivity. Thus, for the southern part of Korea, it is necessary to increase reservoir storage and implement improvements in irrigation technology. At the river basin scale, however, the projection of changes in water balance terms and runoff for 2001 to 2030 will be affected by the initial conditions of the ECHAM4 ensemble member used for the downscaling, and by natural climate variability.
When applying the results of our analysis to future water-resource planning and management policy, a few caveats should be borne in mind. (1) Our findings are based on one GCM simulation, and the simulation provides a small subset of possible outcomes. Future studies should include ensemble simulations developed from a number of different GCMs that are based on different greenhouse gas emission scenarios (Jasper et al. 2004) . (2) Our results contain a measure of uncertainty from both downscaling methods (Schmidli et al. 2007 ) and hydrologic models (Wilby 2006 ) used for impact assessment. Quantifying these uncertainties should be the priority of future studies on the effects of climate change on water resources. (3) Future regional assessment of the vulnerability of water resources to climate change should include indicators of economic, social and environmental systems, and public health (Hurd et al. 1999) . Water-resource systems could also be equally vulnerable to population growth or economic development .
By incorporating climate information in waterresources decision making, water-resource systems could become more resilient to potential climate stresses. Thus, there is a need for proper adaptation measures, based on an analysis of current conditions in basin-wide water-resource systems on the one hand, and of the vulnerability of socio-environmental elements on the other. While simple vulnerability assessments using empirical data could provide some insights for adaptive water-resource planning, the topdown approach used in the present study provides the additional benefits by revealing the hydrologic processes of potential spatial and temporal changes in water-resource systems.
